A severe neurologic disease occurs in domestic animals and man following ingestion of the fruits of the coyotillo (KarwinJka htlmboldtian.) shrub41 5 , 9 . The lesions observed in teased peripheral nerve fibers from experimentally poisoned goats have been reporteds. The peripheral neuropathy in these goats was characterized by segmental demyelination and Wallerian degeneration with lesions occurring first and most often in Schwann cells. In a preliminary study of this disease in goats, it was observed that lesions of different types were not evenly distributed in the peripheral nervous system4. This is a report of the extent and distribution of the different lesions in selected peripheral nerves from goats poisoned experimentally with coyotillo.
Materials and Methods
This study formed part of a larger investigation of experimental coyotillo poisoning involving 26 goats3.5. Tissues from 9 of these goats were used in this study (7 principals and 2 controls). The 7 principals received high daily doses of ground coyotillo fruits (0.04% or 0.05% of body weight) for 6 or 7 days beginning on day 0. They were killed at various times after day 12. Details of the care and feeding of these goats, dosage schedules, and survival times were reported pre-viously3. 5.
At necropsy, samples approximately 2 cm in length were collected from the following nerves in each goat. 1 (BrC2 and 3) . 8 . Two to 4 small muscular branches (Br PSA) which leave the dorsal spinal accessory nerve within its proximal 3 inches.
Nerve fibers in preparations of teased fibers from each of the above sites stained with either Sudan black B or osmic acid5 were counted to determine the extent of nerve injury and the relative frequency of fibers with the different types of lesions. A total count of the myelinated fibers was made simultaneously with the count of fibers with Wallerian degeneration, fibers with segmental demyelination, and fibers with swollen Schwann cells and no segmental demyelination. Because of the segmental pattern of demyelination in this disease, fibers not undergoing Wallerian degeneration were examined over a length of about 3 nodes of Ranvier.
The anterior gluteal nerve (AG), the hypoglossal nerve (H; studied in 1 goat), the muscular branch of the tibial nerve innervating the medial head of the gastrocnemius muscle (MG), and the posterior cutaneous nerve of the leg (PC) were studied to compare the distribution of lesions in short (AG and H) and long (MG) motor nerves and to compare the distribution of lesions in these motor nerves to that in a sensory nerve (PC). Samples from the AG and MG were taken near their terminations where the nerves were of approximately equal size. All of the fasciculi in the 2 motor nerves were examined, and at least one-half of the fasciculi in the sensory nerve were examined.
To study the distribution of lesions at a proximal site and at a distal site of one nerve, the dorsal branch of the spinal accessory nerve of 6 goats was studied since it is a long nerve that innervates muscle only and has a fairly even dispersal of small branches to muscle throughout its course. All of the fasciculi at the proximal site (PSA) and at the distal site (DSA) were examined. The sampling site on the PSA contained fibers of several different lengths, whereas the site on the DSA could be considered to contain longer fibers of only one approximate length. Muscular branches from the proximal 3 inches of the PSA were studied to compare the lesions in known short fibers of the dorsal spinal accessory nerve with known long fibers (DSA). Selected branches from the second and third cervical nerves to the spinal accessory nerve (BrC2 and 3) were studied to ascertain their contribution to the spectrum of lesions in the main trunk of the dorsal spinal accessory nerve.
In order to relate the distribution of lesions with lengths of nerves, measurements of the lengths of certain nerves from the sampling sites to the points of origin were made in 2 control goats weighing approximately 32 kg. Measurements were made from the sampling sites of the AG and MG to the spinal cord at the origin of the sixth lumbar nerve, and from the sampling site on the PSA and DSA to the foramen lacerum posterius. The average of 4 measurements from the site of sampling of the anterior gluteal nerve (AG) to the origin of the sixth lumbar nerve at the spinal cord was 12 cm. The corresponding distance from the site of sampling of the muscular branch of the tibia1 nerve innervating the medial head of the gastrocnemius muscle (MG) was 33 cm. The average distance from the proximal site on the dorsal spinal accessory nerve (PSA) to the foramen lacerum posterius was 12 cm and the corresponding distance from the distal site on the dorsal spinal accessory nerve (DSA) was 51 cm.
Results
Nerve fibers with lesions in Schwann cells were very numxous in most of the nerves examined ( Fig. 1-7) . In most nerves, the number of fibers with some type of Schwann-cell injury (swollen Schwann cells or segmental demyelination) and intact axons was greater than the number with Wallerian degeneration. In nerves from some of the goats killed early in the disease, the predominant manifestation of Schwann-cell injury was swelling of Schwann cells without segmental demyelination. Segmental demyelination was the predominant manifestation of Schwann-cell injury in goats killed in later stages of the disease. In goat 20 (euthanasia on day 102), there were many remyelinating fibers, and any swollen Schwann cell was not detected. The segments of remyelination generally were longer than the segments of demyelination in goats killed early in the disease. Lesions were far less numerous and less severe in goat 13 than in the other goats. This goat also differed from the others in that no clinical sign was detected at euthanasia on day 19.
The differences in the percentage of the fibers counted from the different nerves that were undergoing Wallerian degeneration were marked. In every goat, a much greater percentage of the fibers in long motor nerves (MG or DSA) were undergoing Wallerian degeneration than in the short motor nerves (AG or H) ( Fig. 1-7 ). Also, a much higher percentage of the fibers at the distal site of a long motor nerve (DSA) were undergoing Wallerian degeneration than at the proximal site (PSA) ( Fig. 1-4 , 6-7). There was extensive regeneration in the DSA but not in the PSA of goat 20 ( Fig. 7) . Only very few of the fibers counted near the ends of short branches (Br PSA) of the dorsal branch of the spinal accessory nerve were undergoing Wallerian degeneration as compared to the ends of long fibers of this nerve (DSA) ( Fig. 2, 4, 7) . Also, branches of the first and second cervical nerves (BrC2 and 3) contained very few fibers with Wallerian degeneration ( Fig. 2, 4, 7) . Although there was some variation between goats, the overall extent of nerve injury (as manifested by lesions of all types) generally was greater in long motor nerves (MG) than in short ones (AG) and at the distal site (DSA) of a long motor nerve than at a proximal site (PSA) of the same nerve. 
Discussion
The results of this study demonstrate that fibers with injured Schwann cells (swelling or segmental demyelination) were widespread, and in most sites fibers with Schwann-cell lesions, and intact axons were more numerous than those with Wallerian degeneration. The results of this and a previous study5 indicate that the Schwann cell is severely affected in coyotillo poisoning and that the earliest lesion in peripheral nerves occurs in these cells. In lead neuropathy and diphtheritic neuropathy, the primary lesion also occurs in Schwann cells63 8s 18.
The much greater percentage of the fibers in long motor nerves (MG and DSA) that were undergoing Wallerian degeneration than in short motor nerves (AG and H) in this study of coyotillo neuropathy conclusively demonstrates the greater susceptibility of these No. of fibers examined Fig. 3 . Distribution of lesions in selected nerves from a goat poisoned with coyotillo fruits (goat 9). Euthanasia, day 13. long fibers to axonal degeneration. Also, a much greater percentage of fibers were undergoing Wallerian degeneration at a distal site than at a proximal site of a long nerve to muscle (dorsal branch of the spinal accessory). The infrequent occurrence of Wallerian degeneration in the branches from the 2nd and 3rd cervical nerves (BrC2 and 3) indicates that the fibers undergoing Wallerian degeneration at the distal site (DSA) were not fibers from these anastomotic branches. Wallerian degeneration also occurred very infrequently at the ends of short fibers (Br PSA) in the same nerve (dorsal branch of the spinal accessory). These features demonstrate that the ends of long fibers in the dorsal spinal accessory nerve are especially prone to axonal degeneration in coyotillo poisoning and that the axons of these fibers remain intact in proximal regions. Distal axonal degeneration is a feature of the systemic degenerative diseases of the nervous system in man in which the basic process has been referred to as simple neuronal atrophyl. The neuropathies caused by tri-ortho-cresyl phosphate (TOCP) and acrylamide poisonings in the cat resemble these diseases because degeneration of axons occurs predominantly at the ends of fibers21 12313. In neither of these diseases experimentally produced in cats is there evidence of primary damage to myelin129 13. CAVANAGH~ suggested that the degeneration of nerve fibers in TOCP poisoning involve a type of "dying back" process similar to several neurologic diseases of man and result from interference with transference or storage of energy within the nerve cell. P R I N E A S~~ proposed that the lesions in experimental TOCP poisoning were due either to a primary central action or a direct action of the toxin on axons. He further suggested that the pathogenesis of distal axonal degeneration in acrylamide neuropathy differed from that in TOCP poisoning, indicating that more than one mechanism may lead to distal degeneration of axons in dying-back polyneuropathiesl3. Although primary direct injury to the nerve cell cannot be completely ruled out in coyotillo poisoning, the early lesions in Schwann cells, with the widespread swelling of Schwann cells and segmental demyelination, and lack of evidence of primary injury to axons or perikarya strongly suggest that axonal degeneration be secondary to lesions in Schwann cells5. The extensive regeneration in the DSA and remyelination in the PSA of goat 20 indicates that axonal degeneration in the dorsal branch of the spinal accessory nerve was not associated with death of the neuron. Axonal degeneration also occurs in other primary demyelinating diseases of the peripheral nervous system such as lead and diphtheritic neuropathies and experimental allergic neuritis (EAN)1* 8914. Mechanisms invoked to explain axonal degeneration in lead neuropathy and EAN include focal injury severe enough to cause axonal damage79 8 or, in lead neuropathy, damage to the perikaryon secondary to degeneration of capsular cell+. Although it has been suggested that the axonal degeneration in lead neuropathy is more extensive at the terminations of nerves14 than at proximal sites, a quantitative study has not been reported. Since coyotillo neuropathy in goats is primarily a demyelinating disease of the peripheral nervous system with the earliest lesions occurring in Schwann cells, axonal injury probably is secondary to schwann-cell injury. The distribution of lesions indicates that axonal injury is not the result of random focal injury to the axon since the ratio of the extent of lesions in the DSA to that in the PSA is much greater than would be expected from a purely random occurrence of focal injuries.
In some other peripheral neuropathies, a difference in permeability to toxin in different parts of the peripheral nervous system has been considered possibly to play a role in the distribution of lesionsl7. There is no direct evidence in this study of coyotillo poisoning to indicate whether the distal axonal degeneration were due to increased vascular permeability to toxin in distal sites of long nerves, or not. It has been suggested that the perineural epithelium may function as a blood-nerve barrier in peripheral nervesl5. The number of layers of cells in the perineural epithelium decreases with decreasing size of the fasciculus and it has been suggested that a blood-nerve barrier would be less effective in small fasciculile. In this study of coyotillo poisoning, small fasciculi were examined in both long and short nerves and there was no correlation between the percentage of fibers counted that were undergoing Wallerian degeneration and size of fasciculi. O L S S O N~~? 11 in studies in rats, reported differences in vascular permeability to albumin in nerve roots, spinal ganglia, and peripheral nerves but not between individual peripheral nerves of the same size. This latter condition in respect to permeability to the toxin or toxins in coyotillo fruits would be necessary if the lesions in coyotillo poisoning were to be explained on this basis since there were marked differences in extent of Wallerian degeneration between the AG and MG both of which were small nerves near their terminations.
The distribution of lesions in coyotillo poisoning and occurrence of the primary lesions in Schwann cells5 are compatible with axonal injury being secondary to Schwann-cell injury and cumulative throughout the length of affected fibers resulting in distal axonal degeneration especially in longer fibers. This mechanism would explain the widespread occurrence of lesions in Schwann cells, the paucity of axonal degeneration in short fibers, and the extensive axonal degeneration at the ends of long fibers.
Seven goats were poisoned with daily oral doses of coyotillo fruits and killed at various times after day 12. The distribution of lesions was studied in a sensory nerve, in short and long motor nerves, and at proximal and distal sites of a long motor nerve.
Fibers with Schwann-cell lesions (swollen Schwann cells or segmental demyelination) were widespread and outnumbered fibers with Wallerian degeneration in most sites. The percentage of fibers that were undergoing Wallerian degeneration was much greater in long motor nerves than in short ones and was much greater at a distal site of a long motor nerve than at a proximal site. The results were compatible with axonal injury being secondary to Schwann-cell injury and cumulative throughout the lengths of affected fibers, resulting in distal axonal degeneration.
